The gene encoding an esterase enzyme was cloned from a metagenomic library of cow rumen bacteria. The esterase gene (est5S) was 1,026 bp in length, encoding a protein of 366 amino acid residues with a calculated molecular mass of 40,168 Da. The molecular mass of the enzyme was estimated to be 40,000 Da. The Est5S protein contains the Gly-X-Ser-X-Gly motif found in most bacterial and eukaryotic serine hydrolases. However, the Asp or Glu necessary for the catalytic triad [Ser-Asp-(Glu)-His] was not present, indicating Est5S represents a novel member of the GHSQG family of esterolytic enzymes. BlastP in the NCBI database analysis of Est5S revealed homology to hypothetical proteins and it had no homology to previous known lipases and esterases. Est5S was optimally active at pH 7.0 and 40 o C. Among the p-nitrophenyl acylesters tested, high enzymatic activities were observed on the short-chain p-nitrophenyl acylesters, such as p-nitrophenyl acetate, etc. The conserved serine residue (Ser 190 ) was shown to be important for Est5S activity. The primers that amplified the est5S gene did not show any relative band with 49 species of culturable rumen bacteria. This implies that a new group esterase gene, est5S, may have come from a noncultured cow rumen bacterium.
Screening of novel biocatalysts from isolated microorganisms using traditional cultivation techniques has limits in exploring the vast genetic diversity of environmental microorganisms, because more than 99% of the microbes present in various environments cannot be cultured [22] . In the search for novel biocatalysts, there are various metagenomic strategies that are used for targeting specific catalyst characteristics such as substrate range or temperature and pH optima [6] . This approach has been used successfully to find a wide variety of novel catalysts and secondary metabolites [33] .
Microbial lipases and esterases are currently receiving considerable attention because of their potential applications in biotechnology for food processing, surfactant composition, detergents, oil manufacture, diagnostics, and optically active drugs [3] . Recently, novel lipolytic enzymes and genes have been identified from metagenomic libraries of soil [20, 30] , hot spring sediments, pond water [25] , and alkaline soda lakes [26] . Lipolytic enzymes, including lipases (E.C. 3.1.1.3), esterases or carboxylesterases (E.C. 3.1.1.1), and various types of phospholipases, have been found in a wide range of organisms from bacteria to humans [12] . A common characteristic of these enzymes is that they contain a catalytic triad, composed of Ser, His, and Asp or Glu [29] . Most have a structural motif, G-X-S-X-G, which contains the active-site serine residue. This motif is usually located between a β-strand and a α-helix, and assumes an extremely sharp turn called a nucleophilic elbow [24] . Based on comparisons of amino acid sequences and biological properties, prokaryotic lipases have been classified into eight families [1] . The availability of a large number of complete genome sequences is augmenting the discovery of newer lipolytic enzymes and lipolytic genes families [15, 17, 31] .
Natural substrates for esterase in ruminal contents are not well established. There is evidence that ruminal contents contain esterase that degrades aliphatic esters to their constituents and triglycerides to their component fatty acids and glycerol [4] . Plant triglycerides and other lipidlike materials are not extensively degraded in the rumen, but are subjected to partial hydrolysis. These diglycerides could then be degraded by esterases or lipases, or both. Other suggested esterase substrates found in feed-stuffs or in rumen microorganisms, or both, include plant sterols [8] , lechithin, lysolecithin, and aliphatic esters [10] . It seems that microbial esterases play an important role in the biohydrogenation of dietary lipids. In addition, Lanz and Williams [19] showed that B. fibrisolvens degraded an aliphatic insecticide, di-n-butyl succinate, and also a carbamate insecticide, benzo(β)thien-4-yl-methylcarbamate. These findings suggest that bacterial esterases play a role in the degradation of agricultural chemical esters. At present, B. fibrisolvens is the only rumen bacterium in which fatty acid hydrogenases have been studied in detail [14] . Hespell and O'Bryan [11] isolated 30 strains of B. fibrisolvens in diverse geographical locations and examined them for esterase activity against naphthyl esters of acetate, butyrate, caprylate, laurate, and palmitate. All strains possessed some esterase activity. Esterase activity was also detected in other ruminal bacteria such as Bacteroides ruminicola, Selenomonas ruminantium, Ruminobacter amylophilus, and Streptococcus bovis. Furthermore, Fay et al. [7] investigated 74 strains of rumen bacteria comprising 20 genera for the ability to hydrolyze p-nitrophenylpalmitate (pNPP, C16).
Although many reports on the cloning and expression of microbial lipases and esterases have been published [16, 29] , very little has been reported on rumen bacteria as a source of enzymes. In this study, we report the cloning and sequencing of the new group esterase gene est5S from a cow rumen metagenomic library and the biochemical characterization of the recombinant enzyme.
MATERALS AND METHODS

Bacterial Strains and Growth Conditions
The 49 rumen culturable bacteria from the American Type Culture Collection (ATCC), and the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) stocks were cultured in ATCC and DSMZ recommended media, respectively. E. coli DH5α, BL21 (DE3), EPI300, and recombinant E. coli cells were cultured in LB (Difco) containing appropriate antibiotics at 37 o C.
Sampling of Rumen Metagenome
Samples of rumen content were obtained from a closed herd at the Gyeongnam National University of Science and Technology (Jinju, Korea). The animals were rumen-fistulated Korean cows (Hanwoo) with the body weight of 400 ± 10 kg, fed a mixed ration (rice hull and concentrate in a 4:1 ratio) twice a day. The concentrate was purchased from Daehan Food (Ulsan, Korea). Representative samples of total rumen contents were collected from the animals via the ruminal fistula before the morning feeding. The samples on ice were immediately transferred into an anaerobic box and stored at -80 o C.
Construction of Cow Rumen Metagenomic Library
A genomic library was constructed in the fosmid vector pCC1FOS as previously described [2] . Total genomic DNA from cow rumen was sheared into approximately 40 kb fragments using a syringe needle, size-fractionated on a 5% to 40% linear sucrose gradient and then end-repaired to yield blunt, 5'-phosphorylated ends. The resulting DNA fragments were ligated with the cloning-ready pCC1FOS vector, and then packaged using a lambda DNA packing kit (Epicentre).
Recombinant DNA Techniques
Standard procedures for restriction of endonuclease digestion, agarose gel electrophoresis, purification of DNA from agarose gels, DNA ligation, and other cloning-related techniques were followed as described by Li et al. [21] . The BLAST program was used to find the protein coding regions.
Cloning and DNA Sequencing of est5S Gene Cloning of the esterase gene from the cow rumen metagenomic library was done by ligating partially Sau3AI-digested fosmid DNA fragments (3 to 5 kb) with pBluescript II SK+ (Stratagene) cut with BamHI. To detect esterase activity in E. coli DH5α harboring the cloned esterase gene, obtained bacterial colonies were grown on an esterase activity indicator medium [LB agar plates containing appropriate antibiotics and 1.0% (v/v) tributyrin (Sigma)]. After growth at 37 o C for 24 h, the active clone had shown a clear zone around it. For high expression of Est5S, the PCR products generated with primers, 5'-AAAAGGATCCATGATCATGAAAAAACAGAA TTTC-3' (sense, 2107F with BamHI underlined) and 5'-AAA AAAGCTTTTTCTCCAGCAATGCCTTG-3' (antisense, 2108R with HindIII underlined), were cloned into expression vector pET-28a(+) (Novagen) using BamHI and HindIII sites, resulting in the addition of a C-terminal (His) 6 tag. The resulting plasmid was designated as pET-28a(+)/Est5S. Nucleotide sequences were determined by the dideoxy-chain termination method using the PRISM Ready Reaction Dye terminator/primer cycle sequencing kit (Perkin-Elmer Corp.). The nucleotide sequence data for est5S have been deposited in GenBank under Accession No. DQ788540.
Site-Directed Mutagenesis and Deletion Analysis
Site-directed mutagenesis of the est5S gene to create the mutations was performed using oligonucleotide primers ( Table 2 ). The 50 µl of reaction mixtures contained 1 µl of the pET-28a(+)/Est5S DNA (80 ng/µl), 10 ρmol of each primer, 1 µl of 2 mM dNTP mixture, 5 µl of 10× Pfu DNA polymerase buffer containing 20 mM MgSO 4 , and 2.5 U of cloned Pfu DNA polymerase purchased from Stratagene. PCR products were incubated on ice for 5 min, and then 1 µl of DpnI restriction enzyme (10 U/µl) was added for 1 h incubation at 37 o C. DpnI-treated plasmids were then transformed into E. coli DH5α according to the manufacturer's specifications (Site-directed Mutagenesis Kit, Stratagene).
Enzyme Assay
The esterase activity was determined by a spectrophotometric method using p-nitrophenyl butyrate (pNPB) as the substrate. The rate of hydrolysis of pNPB at 37 o C was measured in 50 mM sodium phosphate buffer (pH 7.0) at 420 nm according to the method of Kademi et al. [13] . One unit of esterase was defined as the amount of enzyme required to release 1 µmol of p-nitrophenol (pNP) per minute under the assay conditions. The effects of pH and temperature on the esterase activity were examined with the purified recombinant enzyme. The effect of pH on the esterolytic activity was determined by using the protocol described above, to obtain values from pH 3.0 to 11.0 adjusted by using universal citrate buffer ; Expression and Purification of Enzyme E. coli strain BL21 (DE3) carrying pET-28a(+)/Est5S was cloned and expressed in our previous studies [5] . The fractions with esterase enzyme eluted as a single protein peak and the purity of the enzyme were assessed by SDS-PAGE.
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RESULTS
Isolation of the est5S Clone
A cow rumen metagenomic library in vector pCC1FOS was screened for clones with esterase activity on tributyrin indicator medium. The positive clone was identified (pFCKY54), which had a 40 kb insert. Subclones of this insert were cloned into the vector pBluescript II SK+ and then screened for esterase activity (Fig. 1A) . Positive subclone pSCKY100, which had a 2.1 kb insert, was further characterized. Another subclone, pSCKY110 (1.6 kb), also showed esterase activity. Sequencing of the 2.1 kb Insert Encompassing est5S Both strands of the 2.1 kb insert in pSCKY100 were completely sequenced, and from this a 1,098 bp ORF was identified and named as est5S. The est5S ORF starts with an ATG initiation codon and ends with the opal stop codon TAA at position 1,929 (Fig. 1B) , encoding a protein of 366 amino acids with a predicted molecular mass of about 40,000 Da. Analysis of the amino acid sequence with the program PSORT revealed no potential signal sequence [23] . The calculated pI of Est5S is 5.17.
Amino Acid Sequence Analysis of Est5S
BLAST analysis comparing the Est5S amino acid sequence with the NCBI database revealed significant homology to hypothetical proteins found in Dehalococcoides ethenogenes 195 (43%, identity), Desulfotalea psychrophila LSv54 (35% identity), and Cytophaga hutchinsonii (27% identity). Interestingly, no significant homologies to known esterases or lipases were observed. The amino acid sequence GHSQGS, starting at residue 188 (Fig. 2) , fits the Gly-XSer-X-Gly motif found in most bacterial and eukaryotic serine hydrolases, such as lipase, esterase, and serine proteinase as well as in β-lactamase [27] . However, a catalytic triad of Ser-Asp-(Glu)-His (Fig. 2) that is highly conserved in most esterase and lipase groups is not present in Est5S. A phylogenetic tree containing the esterolytic and lipolytic proteins, as well as the hypothetical proteins, was constructed. The tree showed that the Est5S protein does not belong to group I, II, III, or IV (Fig. 3) . This separation of Est5S from the known esterolytic and lipolytic proteins suggests that Est5S represents a new type of esterase.
Purification and Characterization of the Est5S Protein E. coli strain BL21 (DE3) carrying pET-21a(+)/cel5H was grown at 37 o C to mid-log phase in LB medium containing 50 µg/ml ampicillin. Expression was then induced by adding IPTG to a final concentration of 0.5 mM, and growth was continued for 6 h. The cells were harvested by centrifugation (6,000 ×g, 10 min) and washed twice with 10 mM Tris-HCl buffer (pH 7). The cells were resuspended in the same buffer and stored at -20 recombinant Cel5H with His-tag was applied on a HisTrap kit (Amershan Pharmacia Biotech). Purification of expressed His 6 -tagged protein was carried out accordingly as previously described by Khalmeyezer et al. [14] and protein was eluted with 100 mM imidazole with 0.1% Triton X-100. The purified protein sample was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Est5S protein was purified from E. coli BL21 (DE3) overproducing Est5S using column filtration techniques as described in Materials and Methods. Protein fractions were analyzed by SDS-PAGE, and one protein band (40 kDa) was present after the final purification step (data not shown). The effect of pH on the ability of Est5S to hydrolyze p-nitrophenyl butyrate was determined at 40 o C with various buffers ranging from pH 3.0 to 11.0 (Fig. 4A) . Maximal activity was observed at pH 7. The optimal temperature for Est5S hydrolysis of p-nitrophenyl butyrate was observed at 40 o C (Fig. 4B) (Fig. 4C) . Esterase activity was inhibited by organic solvents, such as acetone, acetonitrile, butanol, and propanol. Est5S activity was resistant to ethanol and methanol (Fig. 4D) . The substrate specificity of the purified enzyme was determined with pnitrophenyl esters of various acyl chain lengths (C 2 to C 18 ) at 40 o C. Although the enzyme showed a wide range of substrate specificities, from C 2 to C 6 , the highest activity was observed with p-nitrophenyl acetate (C 2 ), p-nitrophenyl propionate (C 3 ), and p-nitrophenyl butyrate (C 4 ). Activity towards longer p-nitrophenyl esters (C 10 to C 18 ) was detected but was very low under the same assay conditions (Table 3) . 
Identification of Residues Essential for Esterase Activity of Est5S
Most lipases and carboxyl esterases have the consensus sequence motif Gly-X-Ser-X-Gly that includes the activesite serine. Analysis of the deduced amino acid sequence of Est5S showed a potential serine hydrolase motif (G-H-S 190 -Q-G). To determine whether Ser 190 was involved in catalytic esterase action, it was replaced by site-directed mutagenesis and the mutant proteins were expressed in E. coli and purified. When residue Ser 190 was replaced by Ala, the activity towards pNP butyrate was not active. Other mutant Est5S proteins with alanine substitutions were also examined. D92A, D166A, D172A, S247A, and H341A had enzymatic activity ranging from 45% to 98% relative to the specific activity of the wild-type Est5S protein (Table 4) .
Attempt to Detect the est5S Gene in Culturable Rumen Bacteria
The extracted genomic DNAs from 49 species of culturable rumen bacteria were used to amplify the est5S gene by using internal primers (#2109F, CTATCTTTCGATGGC TGTGCC and #2110R, TTCTCGATGCCGACGATGTAT) with recombinant plasmid as positive control. In fact, not one from 49 bacterial DNA was shown to have any relative amplification, whereas the positive control showed a 600 bp amplified product. This result assures that est5S may have come from noncultured rumen bacteria or a metagenome source.
DISCUSSION
In this study, we utilized a metagenomics approach to isolate an esterase gene from cow rumen. Specifically, we constructed a cow rumen metagenomic library and screened for the esterolytic clones. Because of the low frequency of finding the desired genes in a metagenomic library, which should include most of the microbial DNA in the rumen, cloning efficiency is also an important factor. Some previous environmental DNA libraries contained several hundred thousand clones with small inserts and required screening of a large number of clones [22] . However, our approach of library preparation in a fosmid and subsequent subcloning was more efficient in searching for esterolytic activity. Fosmids are good vectors for constructing metagenomic libraries because of their high cloning efficiency, improved stability in E. coli, and large insert size [20] .
Screening of this library led to an identification of an esterase named as Est5S. Unlike other esterases Est5S has several novel features. First, it has no significant homologies to published esterases or lipases, although it does have a sequence, GHSQGS, starting at residue 188 (Fig. 2) , similar to the Gly-X-Ser-X-Gly motif found in most bacterial and eukaryotic serine hydrolases, such as lipase, esterase, and serine proteinase as well as in β-lactamase [27] . Second, it lacks a recognizable Ser-Asp-(Glu)-His catalytic triad (Fig. 2) , which is highly conserved in most esterase and lipase groups [24] . Third, the phylogenetic tree showed that the Est5S protein does not belong to the known families of esterolytic and lipolytic proteins (groups I, II, III, IV and new group of soil metagenome, Fig. 3 , indicating the existence of a new group, represented by Est5S.
The biochemical properties of purified Est5S were assessed by using pNP butyrate as substrate. Maximal hydrolytic activity was observed at pH 7.0 and 40 o C with 5 mM Mg
2+
. Divalent cations had differing effects, where Zn 2+ inhibited activity, and Ca 2+ and Mg 2+ improved the enzyme activity. K + and Na + also improved the enzyme activity. These results suggest that some metal ions may be needed for optimal activity [11] . Esterase activity was inhibited by various organic solvents and resistant to hexane and methanol. In terms of substrate specificity, Est5S showed a wide range of substrate specificity for various acyl chain lengths from C 2 to C 6 , with the highest activity observed with pNP acetate (C 2 ), pNP propionate (C 3 ), and pNP butyrate (C 4 ), whereas low-level activity toward longer pNP acylesters (C 10 to C 18 ) was detected (Table 3 ). Lanz and Williams [19] examined Butyrivibrio strains isolated from diverse sources and characterized their esterase activity in terms of substrate specificity and other properties. In almost all cases, the activity declined with increasing carbon chain length of the fatty acid substrate, and with some strains the decrease was directly proportional to the chain length. The decrease in activity would have resulted from lower substrate turnovers with the enzyme per se, from the decreased solubility of longer-chain fatty acid substrates or both [11] .
The crystal structures of many esterases and lipases show a common folding pattern called the α/β-hydrolase fold [9] , with a catalytic site built by a conserved serine, an aspartate or a glutamate, and a histidine residue. Moreover, the highly conserved pentapeptide G-X-S-X-G forms a tight turn in a β-strand-turn-α-helix motif, called the nucleophilic elbow, which is the most strictly conserved structural motif of α/β-hydrolase [28] . However, the active-site pentapeptides of lipolytic enzymes from Bacillus species show unique sequences [16] . The distinct feature of these enzymes is the replacement of the first glycine residue in the canonical lipase consensus motif G-X-S-X-G by an alanine. Most lipases and carboxyl esterases have the consensus sequence motif Gly-X-Ser-X-Gly containing the active-site serine. Est5S has a potential serine hydrolase motif (G-H-S 190 -Q-G). We found that replacement of Ser 190 with Ala resulted in no enzymatic activity towards pNP butyrate. D92A, D166A, D172A, S247A, and H341A had enzymatic activity ranging from 45% to 98% relative to the specific activity of the wild-type Est5S protein (Table 4) .
We attempted to identify the microbial source of the est5S gene by screening the genomes of cultured rumen bacteria using PCR primers specific for est5S. The 49 rumen culturable bacteria examined were from the American Type Culture Collection (ATCC), and the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) stocks. No est5S-specific product was detected in any of these genomes, leaving the identity of the source of est5S unknown.
Our results indicate that the esterolytic enzyme obtained in this study is novel, suggesting that isolating enzymatic activities from metagenomes such as the rumen might be a useful approach to identifying novel biocatalysts. The utility of this type of approach was supported by another recent study [32] . Thus, metagenomic approaches are useful not solely for the discovery of diversity but also have practical applications in the discovery of novel enzymes for industrial and agricultural use. Most currently utilized industrial enzymes will have necessarily originated from the small percentage of environmental microorganisms that have been cultured [32] . The list of reported enzyme activities discovered via metagenomics (lipase, esterase, amylase, nuclease, chitinase, and xylanase) is still rather small, but will undoubtedly grow rapidly. Moreover, renewed interest in microbial physiology and in the isolation of "not-yet-cultured" or "unculturable" microbes is also necessary, if we are to fully exploit the opportunities provided by genomics [18] . In addition to identifying novel enzymes, and screening for biochemical activity, direct sequencing of ruminal metagenomes may also reveal novel enzymes.
